We discuss the 3.55 keV X-ray line anomaly reported by XMN-Newton X-ray observatory using data of various galaxy clusters and Andromeda galaxy in a radiative neutrino model, in which the mixing between the active neutrino and the dark matter is generated at two-loop level after the spontaneous breaking of Z 2 symmetry.
I. INTRODUCTION
The standard model (SM) has been finalized by the discovery of the Higgs boson. On the other hand, so many unsolved problems in the particle physics and cosmology still remain. The origin of the dark matter (DM) is one of the biggest issues for such mysteries.
Its properties are well known by previous experiments that tell us an electrically neutral particle, a warm or cold one, and longer lifetime than the universe, if DM is constituted by an elementary particle. It should be noted that the last one does not mean that DM must be a completely stable particle. One of the plausible possibilities for such an unstable DM is a gauge singlet fermion. If the magnitude of its interaction is tiny, the lifetime can be longer than the age of the universe.
Recently, two different groups [1, 2] report a signal of an anomalous X-ray line which has an energy of about 3.55 keV. A lot of literature has recently arisen around the subject after this announcement . This signal may come from a radiative decay of the gauge singlet fermion and constrains the mass of the singlet fermion as about 7.1 keV and the mixing with the ordinary neutrinos as O(10 −10 ). To simply realize these small mass and mixing angle, the parameters of the Majorana mass and tree level coupling should be artificially made tiny.
However, another solution can be considered when the scalar sector is extended by some fields with additional symmetries that forbid tree level contributions. Such symmetries often assure the stability of DM. Hence the observed neutrino masses can be generated through a radiative correction with O(1) couplings as well as the mixing angle is successfully suppressed.
This paper is organized as follows. In Sec. II, we show our model building including neutrino mass. In Sec. III, we discuss the DM nature. We conclude in Sec. VI.
II. THE MODEL
In this section, we devote the detail of our model. First, we show the charge assignments for each field and introduce the properties of them. Second, we analyze the influence of the additional scalars to the so-called Peskin-Takeuchi parameters. Finally, we discuss the neutrino mass generation by one of the radiative seesaw models, Ma-model [29, 30] . We discuss the one-loop induced radiative neutrino model containing the DM candidate with the mass at keV range. The particle contents are shown in Tab. I and Tab. II. We add two SU(2) L singlet Majorana fermions N R and X R , where X R is assumed to be the DM candidate. For new bosons, we introduce two SU(2) L doublet scalars η i (i = 1 , 2), a singly-charged SU(2) L singlet scalar χ + , and a neutral SU(2) L singlet scalar χ 0 to the standard model. Due to two inert SU(2) L doublets, a single N R is enough to obtain the observed lepton mixing as well as neutrino masses [30] . We assume that the SM-like Higgs Φ and χ 0 have respectively vacuum expectation value (VEV); v/ √ 2 and
symmetry assures the stability of DM (X R ) at tree level, but Z ′ 2 is spontaneously broken by v ′ . As a consequence of the Z ′ 2 breaking, the mixing between X R and active neutrinos are induced at two loop level.
The relevant renormalizable Lagrangian for Yukawa sector and scalar potential under these assignments are given by
where a = 1-3, (i, j) = 1 , 2, and the first term of L Y can generates the (diagonalized) charged-lepton masses. Each M N and M X includes the mass term after the spontaneous
can be chosen to be real without any loss of generality by renormalizing the phases to scalar bosons, and its index ij(kℓ) runs 1 to 2, where µ ii vanishes due to the antisymmetric property.
Also µ 12 = µ 21 is required, otherwise its term vanishes. The couplings
λ 8 , and λ 9 have to be positive to stabilize the Higgs potential. The scalar fields can be parameterized as
The neutral components of the above fields and the singlet scalar fields can be expressed as
where Φ is the SM-like Higgs, and v is its VEV, which is related to the Fermi constant G F by
Inserting the tadpole condition about ϕ and ρ, the resulting mass matrix of the CP-even neutral component, is generally given by
, and m 2 (ϕρ) = λ 10 vv ′ , however we assume λ 10 << λ 1,9 to neglect the mixing. Hence ϕ and ρ can be identified as mass eigenstate. Due to their mixing terms λ 3,4,5,11 , the general expression of the masses for the η i has a complicated form so we also assume that these terms are negligible compared to the diagonal terms of (m 2 2 ) 11(22) for simplicity. As a result, we can identify η ± i , η R/Ii ( i = 1 , 2) as mass eigenstates hereafter.
B. S and T parameters
The existence of new scalars (η i ) implies the additional contribution to the S and T parameters [31, 32] . One can evaluate the new contribution as 
Considering these constraints for S new and T new , we can obtain η ± i
200 GeV fixing η Ri/Ii ≃ 100 GeV.
C. Neutrino mass matrix
The neutrino mass matrix can be obtained at one-loop level as follows [29, 30] : Then we can obtain the neutrino mass as
It is worth mentioning that a lepton flavor violating process such as µ → eγ, which provides us the most stringent constraint, should be taken into account. Applying our benchmark point in Eq. (II.11) with η ± i ≈ 200 GeV (that comes from S and T parameters), our branching ratio of µ → eγ can be estimated as O(10 −14 ), which is below the experimental bound by MEG 5.7 × 10 −13 [35] .
III. DARK MATTER
We discuss the DM candidate to explain the X-ray line signal reported by [1, 2] . On the other hand, our model has two DM candidates; η i/j and X R . To achieve it, X R has to be dominant number density among these fields. Here we assume the mass hierarchy
Although a lighter state of η i/j would be a DM candidate, it cannot be a dominant component of the universe. This is because the decay channel 2η i/j → 2Z opens and its relativistic cross section is enhanced, If we put its mass to be larger than the mass of neutral gauge boson Z ≈ 90 GeV (but not larger than 500 GeV) [36] . Notice here that our benchmark point can be always avoidable from the constraint of direct detection search experiments such as LUX [37] , since our mass difference between η Ri/j and η Ii/j , (which is proportional to √ λ 5 v ≈ O(1) GeV), is enough large compared to O(100) keV that 1 Since N R has an accidental symmetry Z ′′ 2 , it can be also the DM candidate in general. But we assume N R can decay enough earlier than the others through the coupling y η , that is, N R is out of DM. is the lowest bound to escape the constraint of the inelastic scattering process via Z-boson for the direct detection search. Hence we set these masses of η i/j are O(100) GeV. As a result, only X R can be the DM candidate that is a long-lived particle.
A. Mixing between X R and ν
The mixing mass term between X R and ν a is obtained at two-loop level as depicted in Fig. 2 . This mass matrix can be given as [38] (
where m ℓ is the SM charged leptons, and the loop function F is computed by
The mixing between active neutrino and DM is given as
where M X is the mass of DM and µ ij , y χ , and F are the parameters in our model appeared in Eq. (III.1). The other parameters are already fixed in order to explain the observed neutrino masses as in Eq. (II.11). The value 5 × 10 −6 is an expected mixing angle from the X-ray experiment [1, 2] . F ≈ O(0.1) can be always achieved by fluctuating (almost) the free two mass parameters m χ + and M N .
B. Production of X R
Here we briefly comment on the production of DM. We have a scalar field χ 0 , which have the Yukawa interaction with X R in our model. In this case, the decay of this scalar field into X R can create the correct abundance of DM (for instance, see Ref. [39] ). There might be another possibility. As we show in the Lagrangian (II.1), X R have the Yukawa interaction with a heavy particle χ + and O(1) coupling. χ + is thermalized through the quartic coupling via the SM-like Higgs particle. After decoupling χ + from the thermal bath, X R can be created through the decay of χ + . Since the amount of the relic abundance of DM depends on the decoupling temperature of χ + , that is, the detail magnitude of the scalar coupling constants should be determined. Such analysis is however beyond the scope at this moment.
Here we would like to note that the DM abundance can be explained without conflicting with the results of the current experiments.
From the discussion of the beginning of this section, neutral additional particles except X R decay into the other particles in the early universe. Therefore, X R is only the DM candidate in our model.
IV. CONCLUSIONS
We have investigated the radiative neutrino model, in which 7.1 keV X-ray line reported by the analysis of the X-ray observation experiments can be successfully realized at the same time. We have introduced two gauge singlet fermions and three additional inert scalars into the SM with Z 2 × Z ′ 2 symmetry. The observed neutrino masses are radiatively generated at the one-loop level, and the mixing angle with the ordinary neutrinos is given at the two-loop level. As a result, the desired mixing θ ≈ 5 × 10 −6 can be naturally explained as well as the
